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The BICEP2 collaboration has recently reported a large tensor ﬂuctuation in the cosmic microwave
background, which suggests chaotic inﬂation models. In this letter, we reconsider the chaotic inﬂation
model in the supergravity. We introduce a non-holomorphic shift-symmetry breaking parameter, which
we expect to exist in general, and discuss its effect on the inﬂaton dynamics. We show that the model
predicts a sizable deviation from the original chaotic inﬂation model and the predicted tensor ﬂuctuation
can lie between the BICEP2 result and the upper bound given by the Planck experiment with a small
shift-symmetry breaking parameter. The model is characterized by only two parameters, which yields
predictability and testability in future experiments.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Cosmic inﬂation [1] is a natural scenario which not only solves
the ﬂatness and the horizon problem, but also explains the large
scale structure of the universe and the ﬂuctuation of the cosmic
microwave background (CMB) radiation. Precise observations of the
CMB [2–4] begin to reveal nature of inﬂation. Recently, the BICEP2
collaboration has reported a large tensor fraction, r = O(0.1) [5],
which favors chaotic inﬂation models [6]. Chaotic inﬂation models
have been studied in the literature, especially in the context of the
supergravity theory (SUGRA). In this letter, we reconsider chaotic
inﬂation models in the SUGRA.
In SUGRA chaotic inﬂation models, the shift-symmetry pro-
posed in Ref. [7] is a crucial assumption. In order to obtain non-
zero potential energy, the shift symmetry must be explicitly bro-
ken. In Ref. [7] the shift-symmetry breaking is introduced in the
superpotential. However, it would be natural to consider that the
Kahler potential also has shift-symmetry breaking terms.
The shift-symmetry breaking in the Kahler potential is dis-
cussed in Refs. [8,9], and it is shown that the prediction of the
model deviates from that of Ref. [7] signiﬁcantly. However, it is not
clear whether the model possesses predictability. Higher dimen-
sional terms in the Kahler potential may change inﬂaton dynamics
due to large inﬂaton ﬁeld value during inﬂation, once the shift-
symmetry breaking is introduced.
In this letter, we propose to treat the shift-symmetry break-
ing in a systematic way by introducing a non-holomorphic shift-
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SCOAP3.symmetry breaking spurion E and discussing its effect on the
inﬂaton dynamics. We restrict out attention to the range of the
breaking parameter where higher dimensional terms are negligible
for the inﬂaton dynamics and the model possesses predictability
and testability. We show that the prediction for the spectral index
and the tensor fraction can lie between the results of the Planck
and the BICEP2 experiments with a small shift-symmetry breaking
parameter. We also show that future observations of the CMB can
quantify the reheating temperature of the universe within a factor
of O(10).
This letter is organized as follows. In the next section, we re-
view the SUGRA chaotic inﬂation model. In Section 3, we introduce
a non-holomorphic shift-symmetry breaking parameter E and dis-
cuss how the prediction on the spectral index and the tensor frac-
tion is modiﬁed by the shift-symmetry breaking. We estimate the
range of the shift symmetry breaking where higher dimensional
terms in the Kahler potential are negligible, and show the predic-
tion of the model within the range. The last section is devoted to
discussion and conclusions.
2. Review on SUGRA chaotic inﬂation models
In this section, we review SUGRA chaotic inﬂation models in
Ref. [7]. For simplicity, we discuss a quadratic chaotic inﬂation
model. In the SUGRA, the scalar potential is determined by the
Kahler potential K (φi, φ∗i¯) and the superpotential W (φi), where
φi and φ∗i¯ are chiral multiplets and their conjugates, respectively.1
The scalar potential is given by
1 We neglect the D-term contribution, which is irrelevant for our purpose.under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
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Charge assignment of (spurious) ﬁelds. c is an arbitrary real number.
R Z2 shift
X 2 −1 X → X
Φ 0 −1 Φ → Φ + ic
m 0 +1 m →m Φ
Φ+ic
V = eK [K i¯i DiW Di¯W ∗ − 3|W |2],
DiW ≡ Wi + KiW , (1)
where subscripts i and i¯ denote derivatives with respect to φi and
φ∗i¯ , respectively. K i¯i is the inverse of the matrix Kii¯ . Throughout
this letter, we use a unit with the reduced Planck mass Mpl  2.4×
1018 GeV being unity.
Chaotic inﬂation is achieved by introducing two chiral multi-
plets Φ and X and assuming the following Kahler and the super-
potential,
W =mXΦ,
K = K (X X∗, (Φ + Φ∗)2)= 1
2
(
Φ + Φ∗)2 + X X∗ + · · · , (2)
where · · · denotes higher dimensional terms. This form of the po-
tentials is realized by assuming an R symmetry, a Z2 symmetry
and a shift-symmetry, which are listed in Table 1. The breaking of
the shift symmetry, which is necessary in order to obtain non-zero
potential energy, is expressed by the holomorphic spurious ﬁeld m.
The Z2 symmetry is crucial to prevent the over-production of grav-
itinos in the decay of the inﬂaton [11].
The inﬂaton ﬁeld is identiﬁed with the imaginary part of Φ ,
whose potential from the exponential factor in Eq. (1) is absent
due to the shift symmetry [7], which solves the eta problem [10].
X and the real part of Φ obtain masses as large as the Hubble
scale during inﬂation by higher dimensional operators and hence
are ﬁxed to their origin during inﬂation. As a result, the potential
of the imaginary part of Φ , φ, is given by
V (φ) = 1
2
m2φ2, (3)
which is nothing but the potential of the quadratic chaotic in-
ﬂation model [6]. The magnitude of the curvature perturbation,
Pζ  2.2×10−9, determines the parameter m as (see e.g. Ref. [12])
m  6.0× 10−6 = 1.5× 1013 GeV. (4)
The spectral index of the curvature perturbation ns and the tensor
fraction r are given by
ns = 1− 2
Ne
 0.967 (Ne = 60),
r = 8
Ne
 0.13 (Ne = 60), (5)
where Ne is the number of the e-foldings corresponding to the
scale of the interest. Note that they are determined only by Ne ,
and the model has strong predictability.
3. Shift-symmetry breaking in the Kahler potential
In the previous section, we have reviewed the SUGRA chaotic
inﬂation model. There, we have introduced the shift-symmetry
breaking only to the superpotential. However, it would be more
natural to consider that the Kahler potential also has shift-
symmetry breaking terms. The shift-symmetry breaking in the
Kahler potential is discussed in Refs. [8,9]. However, it is not clear
how higher dimensional terms change the prediction of the modelonce the shift-symmetry breaking is introduced, since the ﬁeld
value of the inﬂaton is far above the Planck scale during inﬂation.
In this section, we propose to treat the shift-symmetry break-
ing in a systematic way, such that the shift-symmetry breaking
is expressed by a non-holomorphic spurious ﬁeld E . We estimate
an upper bound on the magnitude of the shift symmetry break-
ing where higher dimensional terms in the Kahler potential are
negligible and hence the model possesses the predictability. We
restrict our discussion to such a breaking parameter and show
that the prediction of the model can lie between the results of
the Planck [4] and the BICEP2 experiments [5] with a small shift-
symmetry breaking parameter.
The Kahler potential is in general given by
K = K (X X∗, (Φ + Φ∗)2,E(Φ − Φ∗)2), (6)
with the transformation law of E ,
E → E (Φ − Φ
∗)2
(Φ − Φ∗ + 2ic)2 . (7)
As we have mentioned, E is non-holomorphic.2 In the following,
we estimate the bound on E so that O(E2) terms do not affect
the inﬂaton dynamics.
The Kahler potential is expanded around the origin as
K = X X∗ + 1
2
(
Φ + Φ∗)2 − E
2
(
Φ − Φ∗)2 + E2
4! κ
(
Φ − Φ∗)4 · · · ,
(8)
where · · · denotes higher dimensional O(E3) terms and κ is an
order one parameter. The normalization of E is ﬁxed by the third
term in Eq. (8). The potential of the inﬂaton is given by3
V (φ) = exp
(
Eφ2 + E
2
6
κφ4 + · · ·
)
× 1
2
m2φ2, (9)
where · · · denotes higher dimensional O(E3) terms.4
Let us discuss the dynamics of the inﬂaton. The ﬁrst and the
second slow-roll parameter  and η are given by
(φ) = 1
2
(
Vφ
V
)2
 2
φ2
(
1+ 2Eφ2 + 3+ 2κ
3
E2φ4
)
,
η(φ) = Vφφ
V
 2
φ2
(
1+ 5Eφ2 + 6+ 7κ
3
E2φ4
)
, (10)
where we have neglected O(E3) terms. The number of the
e-folding Ne and the inﬂaton ﬁeld values are related by
Ne(φ) =
φ∫
φend
V
Vφ
dφ  1
4
(
φ2 − φ2end
)− E
8
(
φ4 − φ4end
)
+ 3− κ
36
E2(φ6 − φ6end), (11)
with φend 
√
2. We have again neglected O(E3) terms.
The spectral index ns and the tensor fraction r are given by
ns = 1− 6 + 2η, r = 16. (12)
2 It is possible to introduce the shift symmetry breaking by a holomorphic param-
eter m as K ⊃ (mΦ −m∗Φ∗)2 + · · · . However, m is too small to affect the inﬂaton
dynamics.
3 The coupling K ⊃ X X∗E(Φ − Φ∗)2 also contributes the scalar potential. The
contribution can be absorbed by redeﬁnitions of E and κ by O(1) factors.
4 O(E2) terms in the Kahler potential also contribute to ﬁeld-dependent kinetic
terms of the inﬂaton ﬁeld. In order to simplify the analysis, we neglect them.
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Fig. 2. The tensor fraction r as a function of the shift-symmetry breaking parame-
ter E for κ = 0,1.
Fig. 3. Sensitivity of the spectral index ns to higher dimensional terms in the Kahler
potential.
In Figs. 1 and 2, we show ns and r as functions of E for κ = 0
and 1. It can be seen that ns and r are signiﬁcantly altered by the
shift symmetry breaking expressed by E .
Let us estimate the bound on E such that higher dimensional
O(E2) terms in the Kahler potential are negligible. Since we have
expressed the magnitude of O(E2) terms by the parameter κ (see
Eq. (8)), we can estimate the bound on E by investigating the de-
pendence of the prediction for ns and r on κ . In Figs. 3 and 4, we
show ns ≡ |ns,κ=1 − ns,κ=0| and r ≡ |rs,κ=1 − rs,κ=0| as func-
tions of E . We deﬁne the insensitivity to higher dimensional O(E2)
terms as ns < 10−3 and r < 10−3, which is the typical resolu-
tion of future satellite experiments such as the CMBPol [13] and
the LiteBIRD [14]. From Figs. 3 and 4, we put a bound on E as
|E| < 10−3.3. (13)
In Fig. 5, we show the prediction on ns and r for |E | < 10−3.3.
We also show constraints from the Planck experiment [4] and theFig. 4. Sensitivity of the tensor fraction r to higher dimensional terms in the Kahler
potential.
Fig. 5. The prediction on the spectral index ns and the tensor fraction r for the
Z2 symmetric model. We also show the constraint from the Planck and the BICEP2
experiments.
BICEP2 experiment [5] for the pivot scale of 0.002 Mpc−1. It can
be seen that the prediction of the model can lie between the re-
sults of the Planck and the BICEP2 experiments (see also Ref. [8]).
We stress that the prediction is not affected by higher dimensional
terms in the Kahler potential as long as the constraint given in
Eq. (13) is satisﬁed.
Note that ns and r also depend on Ne . Difference of the reheat-
ing temperature by an order of magnitude changes Ne corresponds
to the pivot scale by O(1). The O(1) change in Ne also modiﬁes
the prediction on ns and r by O(10−3). Therefore, by measuring ns
and r with an accuracy of O(10−3), we can quantify the reheating
temperature of the universe within a factor of O(10). It should be
noted that this is possible only within the parameter range given
in Eq. (13).
In the above analysis, we have concentrated on the quadratic
chaotic inﬂation model. This is because the constraint on the spec-
tral index ns  0.96 favors the quadratic model. In Ref. [15], how-
ever, it is pointed out that the central value of ns is larger and
amounts to  0.97. If that is the case, models with lower power
potentials [16,17] are favored. For models with lower power poten-
tials, we can discuss the effect of non-holomorphic shift-symmetry
breaking in the similar way as we have done in this letter.
4. Discussion and conclusions
In this letter, we have reconsidered chaotic inﬂation mod-
els in the SUGRA. We have introduced a non-holomorphic shift-
symmetry breaking parameter E and discussed its effect on the
16 K. Harigaya, T.T. Yanagida / Physics Letters B 734 (2014) 13–16Fig. 6. The prediction on the spectral index ns and the tensor fraction r for the
model without the Z2 symmetry. We also show the constraint from the Planck and
the BICEP2 experiments.
inﬂaton dynamics. We have clariﬁed the range of E where higher
dimensional terms are negligible for the inﬂaton dynamics and the
model possesses predictability and testability. We have shown that
the prediction for the spectral index ns and the tensor fraction r
are given by ns ∼ 0.96 and r = 0.11–0.18. The prediction can lie
between the results of the Planck and the BICEP2 experiments. It
is interesting that future experiments will measure ns and r accu-
rately and reveal the structure of the shift-symmetry breaking in
the inﬂaton sector. We have also shown that future observations
of the CMB can quantify the reheating temperature of the universe
within a factor of O(10), as long as E is in the range we have
clariﬁed.
Let us comment on the magnitude of the shift symmetry break-
ing. We have introduced two shift-symmetry breaking parameters,
m and E . The magnitude of the curvature perturbation indicates
that m ∼ 10−5 and the consistency with the observed spectral in-
dex and the tensor fraction suggests that |E | ∼ 10−3. Therefore, the
two shift-symmetry breaking parameters are different by order of
magnitudes. Note that the m is a holomorphic parameter while E
is a non-holomorphic one, and hence they may have different ori-
gins. We hope that a more fundamental theory explains the origin
of the shift-symmetry breaking.
Finally, let us brieﬂy consider a model without the Z2 symme-
try. In this case, the Kahler potential is expanded as
K = c(Φ + Φ∗)+ 1
2
(
Φ + Φ∗)2 − i E ′√
2
(
Φ − Φ∗)
− κ
′
2
( E ′√
2
)2(
Φ − Φ∗)2 + · · · , (14)
and the scalar potential of the inﬂaton is given by
V (φ) = exp
(
E ′φ + κ
′
2
E ′ 2φ2 + · · ·
)
1
2
m2φ2. (15)We can clarify the predictability of the model, that is, insensitivity
to κ ′ , as we have done in this letter. It can be shown that the
model possesses the predictability as long as
∣∣E ′∣∣< 10−2.2. (16)
The prediction on ns and r for |E ′| < 10−2.2 is shown in Fig. 6.
Here, we have assumed that the inﬂaton ﬁeld value is positive dur-
ing the inﬂation.
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